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With the molecular characterization of genes involved in animal development it has become increasingly obvious that some gene families appear to have retained their function in a wide range of animal species. The best ex ample of such a gene family is the Hox gene complex characterized by the clustered genomic arrangement of homeo box-containing genes (for review, see McGinnis and Krumlauf 1992) . The Hox genes provide positional information along the anteroposterior body axis during development, as revealed by genetic analysis in Drosophila, mouse, and Caenorhabditis elegans (for review, see Slack et al. 1993) . Homologs of other genes, first functionally characterized in the embryonic develop ment of Drosophila, are now being cloned and charac terized in chordates and other animal classes. In general, the molecules, or at least their functionally important domains, have been highly conserved during evolution, but the developmental processes in which they are in volved are often more diverged than in the case of the Hox genes. For example, the numerous engrailed [en] and wingless (wg or wnt) homologs expressed during ver tebrate development (Patel et al. 1989a; Davis et al. 1991; McMahon 1992) do not appear to function in the Piesent addresses: ^Harvard University, The Biological Laboratories, Cambridge, Massachusetts 02138 USA; '*Universitat zu Kdln, Institut fur Genetik, D-50931 Koln, Germany. ^Corresponding author. establishment of segment boundaries as they do in Drosophila. However, in a specific step during brain de velopment the molecules interact in a way analogous to their interaction in Drosophila, with wg being required for the maintenance of en expression . In some developmental processes, single mole cules or structural motifs have been conserved during evolution, whereas entire regulatory chains of genes are conserved in other cases.
One important gene for the development of chor dates, for which no homolog has yet been described in Drosophila or other invertebrates, is the Brachyury (T) gene. Genetic analysis in mouse and in zebrafish re vealed that T acts in the differentiation of the notochord and in the generation of mesendoderm during axis elon gation (Beddington et al. 1992 and references therein; Halpern et al. 1993) . Tgenes have been molecularly char acterized for a number of chordates (Herrmann et al. 1990; Smith et al. 1991; Schulte-Merker et al. 1992; Yasuo and Satoh 1994) . They are highly similar within a stretch of >200 amino acids that have been shown to be necessary and sufficient for specific DNA binding (Kispert and Herrmann 1993) . Because the genes are ex pressed in homologous structures in the various species and have the same function in axial development in two distantly related vertebrates they are certainly also func tional homologs.
We are interested in the phylogenetic origin of the T genes and wished to determine whether molecules closely related to T might exist in animal classes other than the chordates, particularly in the arthropods. As an initial tool we used an antibody directed against the amino terminus of the mouse T protein (Kispert and Her rmann 1993, 1994) . This part of the protein is suffi ciently similar within the various T genes to allow the antibody to cross-react with both the Xenopus and zebrafish T gene products. Surprisingly, the antibody de tected an antigen specifically expressed in the Drosophila embryo. The molecular cloning and sequencing of the gene encoding this antigen revealed a high structural similarity to the DNA-binding domain of the vertebrate T genes leading to the designation Drosophila T-related gene {Trg). Because Trg is exclusively expressed in the posterior terminal region of the Drosophila embryo, we wish to give a brief synopsis of the development of this body region. The zygotic transcription factors, tailless {tU) and huckebein [hkb] , are required to specify the terminal structures that originate from the region located poste rior to the primordia of the segmented body (Strecker et al. 1988; Casanova 1990; Weigel et al. 1990) . hkb is ex pressed during the blastoderm stage at the posterior pole in the posterior midgut primordium (Bronner and Jackie 1991) and determines the posterior midgut (Weigel et al. 1990) . tU is expressed during the blastoderm stage in a larger domain that includes the hkb domain and also comprises the primordium of the proctodeum (Pignoni et al. 1990 ). The proctodeum invaginates with the posterior midgut primordium and forms hindgut and Malpighian tubules. Both processes, the invagination and the deter mination of the proctodeal structures, depend on tU. tU and hkb act as gap genes, that is, they establish the pos terior terminal region in the body plan and repress the expression of other gap genes acting in trunk specifica tion. In embryos lacking hkb, the posterior midgut is deleted, and in embryos lacking tU posterior abdominal segments, the proctodeum and a minor part of the pos terior midgut are not formed.
hkb and til must act through a set of downstream genes to specify the organs dependent on their activities. Such a gene is fork head [fkh] , which is activated by both hkb and til in the primordium of posterior midgut and proctodeum (Weigel et al. 1989a (Weigel et al. , 1990 . fkh seems to act as a homeotic gene and promotes development of termi nal, as opposed to segmental, structures (Jiirgens and Weigel 1988) . A candidate downstream gene for hkb is serpent (srp), which also acts as a homeotic gene and specifies the development of endodermal posterior mid gut as opposed to ectodermal hindgut (Renter 1994) . In addition, genes are known that are required for the cor rect positioning of the Malpighian tubules (Kriippeh, Harbecke and Janning 1989; Skaer 1993) and for the differ entiation of the anal pads [caudal {cad); Macdonald and Struhl 1986 ]. However, several other genes required for the partitioning of the terminal region must exist. Our results show that Trg, which is involved in the specifi cation of hindgut and anal pads, is a target for regulation by tU and hkb.
Results
A Drosophila embryonic cDNA library was screened with the conserved region of a mouse T cDNA using low stringency hybridization conditions. The strongly hy bridizing clones harbored a 2.6-kb cDNA as the largest insert, which we assume to represent a full-length cDNA. The insert includes the poly(A) tract at the 3' end and a long 5'-untranslated region that is blocked in all three reading frames by two or three stop codons. The nucleotide sequence of this cDNA is presented in Figure  1 . It is 2630 bp in length and contains a potential open reading frame of 2163 bp. The putative start codon (po sition 337-339) is flanked by a sequence resembling the consensus sequence of translation start sites in Drosophila (Cavener 1987) .
Trg contains a highly conserved T-domain
The putative Trg protein sequence comprises 721 amino acids. The prominent feature of this sequence is a stretch of 200 amino acids (Fig. 2) , which shows extensive sim ilarity with a domain found in the amino terminus of the chordate T gene products T, Xbra, Zf-T, and As-T (Herr mann et al. 1990; Smith et al. 1991; Schulte-Merker et al. 1992; Yasuo and Satoh 1994) . This T-domain has been shown to confer specific DNA binding (Kispert and Herr mann 1993) . Another Drosophila protein, the product of the gene optomotor-blind [omb] , also contains a T-do main (Pflugfelder et al. 1992) . However, the similarity of Omb to Trg and the chordate gene products is only mod erate (Table 1 ). In addition, Omb is distinguished from the other proteins of the group by several insertions within the T-domain (Fig. 2) . Although the T-domains of Trg and Omb share a particular feature (a stretch of strong divergence from the vertebrate proteins after the seventh amino acid of the T-domain), the T-domain of Trg is much more similar to the chordate T-gene prod ucts than to Omb (Table 1) . Outside the T-domain there is only a limited similarity between the products of the chordate T genes and none between the chordate pro teins and Trg or Omb.
Trg is expressed in the posterior terminal region of the Drosophila embryo
The expression of Trg commences at the beginning of nuclear cycle 14 in the posterior terminal region from -20 to 0% egg length (Fig. 3A,B) . During cellularization, Trg expression recedes from the posterior pole (Fig. 3C) and becomes confined to a ring of cells of which the ventral cells form the posterior part of the ventral furrow (Fig. 3E) , whereas the dorsal and lateral cells appear to constitute the primordium of most of the proctodeum and probably of the anal pads. These dorsal and lateral cells become internalized by the amnioproctodeal invag ination during gastrulation (Fig. 3F,G) . During germband extension the proctodeum continues to express Trg, but the expression disappears in the adjacent meso derm that has originated from the posterior end of the GAT  L  CTG  G  GGC  V  GTG  S  AGT  L  CTC  L  CTG  N  AAC  P  CCC  G  GGC  E  GAG  E  GAG  T  ACA  A  GCC  S  TCG  V  GTC  G  GGC  T  ACT  F  TTC  P  CCC  C  TGC  S  TCG  G  GGA  H  CAC  S  TCG  A  GCC  D  GAT  T  ACG  A  GCC  P  CCG  T  ACG  GTT  CAA   TCT  TGA  GGC   TAT  S  TCC  G  GGT  A  GCA  P  CCC  T  ACC  D  GAT  G  GGT  N  AAT  N  AAT  Q  CAG  V  GTG  L  CTG  V  GTG  A  GCC  A  GCA  N  AAT  G  GGC  S  AGC  S  AGC  S  AGT  P  CCC  T  ACC  Q  CAG  A  GCG  A  GCC  V  GTT  L  CTG  G  GGG  A  GCC  D  GAT  AGT  TCT   GAT  CGA  ACT  AGT   ATC  A  GCC  A  OCT  A  GCG  N  AAT  N  AAC  P  CCC  E  GAA  F  TTT  G  GGA  R  CGT  T  ACA  Y  TAT  A  GCA  G  GGA  P  CCC  A  GCC  S  TCC  S  AGT  S  AGC  G  GGC  S  AGC  G  GGA  V  GTG  L  CTA  A  GCG  S  TCA  E  GAG  E  GAA  V  GTA  K  AAA ventral furrow (data not shown; cf. Fig. 4B ). The expres sion is maintained in the hindgut and the anal pads until the end of embryogenesis ( Fig. 3H ; data not shown). The other proctodeal derivative, the Malpighian tubules, and the region from which the Malpighian tubules evaginate (the connection between the posterior midgut and hindgut) are devoid of Trg expression. There is also no ex pression in the mesoderm surrounding the hindgut.
The very high similarity between mouse T and Trg within the T-domain enabled us to detect the Trg protein with the anti-TNi_i23 antibody that was raised against the amino-terminal part of the mouse T-domain (Kispert and fierrmaim 1993) . The expression of the protein (Fig.  4 ) essentially shows the same pattem as the RNA. The only difference is that Trg protein appears slightly later than the RNA-first during cellularization when the in growing membranes pass the base of the nuclei. Conse quently, like Tig RNA at this time, Trg protein is con fined to the posterior ring of cells mostly comprising the proctodeal primordium.
Regulation of Trg expression
The ring of cells that express Tig during cellularization is contained within the anterior portion of the cap of tUexpressing cells but is largely anterior to the cap of hkbexpressing cells (Fig. 5) . Therefore, it appears likely that hkb acts as a repressor of Tig posteriorly and sets its posterior border of expression, whereas tU acts as an ac tivator of Tig expression. The expression pattern of Trg in Mb and tU mutant embryos suggests this to be the case. In hkb embryos, both Tig RNA (Fig. 3D ) and Trg protein ( Fig. 6B ) are expressed up to the posterior pole of the embryo, whereas expression at the anterior border
E«*FIAVTAYQNE*»T.LKI*.NPFAK*»*D__A_K_E».*... 210 Figure 2 . Comparison between the T-domains of the T pro teins from mouse, Xenopus, zebrafish, and ascidian of the Drosophila proteins Omb and Trg. The conserved regions of Trg, the Xenopus Xbra (Smith et al. 1991) , the mouse T (Herrmaim et al. 1990 ), the zebrafish Zf-T (Schulte-Merker et al. 1992), the ascidian As-T (Yasuo and Satoh 1994) , and the Drosophila Omb protein (Pflugfelder et al. 1992 ) are compared. In the consensus sequence only those amino acids identical in all six proteins are shown. Similar amino acids at a given position in all six proteins, or identical or similar amino acids in five pro teins including Omb, are represented (#). An asterisk (*) indi cates that Trg and the chordate T proteins have an identical or similar amino acid at a given position but that the correspond ing amino acid in Omb is different. (.) Amino acid positions with less or no similarity. For maximum similarity, gaps (un derscore) have been allowed. The following groups of amino acids were considered as similar: R and K; D and E; N and Q,-S and T; A, F, L, M, I, V, W and Y.
remains unchanged. In contrast, no Trg expression is de tectable in tU mutant embryos (Fig. 6C) . Some of the functions of hkb and tU appear to be me diated by fkh (Casanova 1990; Gaul and Weigel 1991) . However, the blastoderm expression of Trg is indepen dent of fkh function (Fig. 6D) . Also, the maintenance of Tig expression during germ-band extension does not ap pear to require fkh activity, as Tig is still expressed in the developing hindgut and anal pads when these disinte grate in fkh mutant embryos (data not shown).
In the anterior part of the embryo there is also a do main in which tU, but not hkb, is expressed (Fig. 5) . If tU and hkb were the only regulators of Tig expression. Tig should also be expressed in this domain. However, this is not the case, suggesting that, directly or indirectly bicoid (bed] prevents tii-dependent Tig expression in the ante rior part of the embryo. In embryos derived from bed mutant mothers, the posterior terminal region is dupli cated at the anterior pole (Frohnhofer and Niisslein-Volhard 1986) . This duplication includes the Tig expression in the blastodermal ring of cells and later in the dupli cated anterior hindgut (data not shown).
The Trg locus
By in situ hybridization to polytene chromosomes the Tig locus was mapped to the region 68DE. This result was confirmed by the examination of Tig expression in embryos homozygous or transheterozygous for various deficiencies covering the region (Akam et al. 1978 (Fig. 7) . This places Trg in the interval (68D6;68E3-4), which was genetically characterized pre viously and has probably been saturated with lethal mu tations (Hoogwerf et al. 1988) . Within this interval five complementation groups have been found, one of which corresponds to the eyelin A [eyeA) gene (Lehner et al. 1991) . Because Tig does not correspond to cycA, this probably leaves Trg as one of the four remaining lethal complementation groups placed in this interval.
Trg function in the development of hindgut and anal pads
To address the role of Tig we examined embryos lacking Trg fimction. We used embryos transheterozygous for the deficiencies DfiSLjvin"^ and Df(3L)vin^ (Fig. 8) or ho mozygous for Df(3L)vin^ (data not shown), as point mu tations in Trg are not available at present: The mutations representing the four complementation groups men tioned above have been lost from the stock collections. However, we attribute the defects described below to the lack of Trg function, as they correlate strictly with the deletion of the chromosomal region encoding Trg and are The percentage of amino acids identical or similar within the T-domains of Trg, of the mouse T (T), Xenopus T (Xbra), ze brafish T (Zf-T), ascidian T (As-T) and the Drosophila Omb protein are given. The glycine-rich region of Trg (amino acids 15-78) has not been considered in the calculation. Otherwise, the numbers are based on the T-domains as shown in Fig. 2 . not seen in embryos homozygous for the deficiencies Df(3L)vin^ or Df(3L)vin^^ nor in embryos lacking only cycA function. Most importantly, the defects can be res cued by a 20-kb transgene carrying the Tig transcription unit (Fig. 9) .
In Trg-deficient embryos the major part of the hindgut is missing after germ-band retraction, as is evident by the absence of hindgut tissue expressing p-galactosidase, conferred by the enhancer trap insertion A27 (Fig. 8A,B) . Early gastrulation, including the invagination of the amnioproctodeum, proceeds normally in the Trg-deficient embryos (data not shown). It is not until the germ band has extended almost fully that the proctodeum begins to develop aberrantly and, for example, does not express the proper stripe of En protein (Fig. 8C,D) . Normally, En pro tein is found along the major part of the proctodeum in a stripe running in an anterior-posterior extension (Fig.  8C ). In addition, the anal pads are not formed in Trgdeficient embryos. Zygotic cad, which is known to be required for the proper differentiation of the anal pads (Macdonald and Struhl 1986) , is not expressed in their primordium (Fig. 8F) . Only a few cells at the posterior tip of the germ band express Cad protein and presumably constitute the precursors of more anteriorly located epi dermal structures in which Cad is also expressed (Fig.  8E) . Additionally^ during germ-band retraction evenskipped is also expressed in the anal pads of wild-type embryos, but no corresponding expression is detectable when Trg function is lacking (data not shown).
The posterior end of the midgut is connected to the outside by a short tube in Trg-deficient embryos (Fig.  8B,H) . This tube does not appear to be a rudimentary hindgut but seems to consist of epidermis that normally would be located at the outside of the embryo. This dis placement of tissue in the Trg-deficient embryos is best seen in embryos stained for Wg protein. Normally Wg protein brackets the hindgut perfectly, as it is found at the base of the Malpighian tubules and in the anal pads (Fig. 8G) . In the Trg-deficient embryos these two regions of Wg expression are separated by only a few cells (Fig.  8H ). The part of the tube behind the posterior, larger Wg expression domain appears to be formed by posterior epi dermis that has moved into the embryo. This interpre tation is based on the observation that this part of the tube expresses Abdominal-B [Abd-B; data not shown), which in wild-type embryos is found in the posterior segmented regions of the embryo adjacent to Tig (Celniker et al. 1989 ; data not shown). In conclusion, we sug gest that Trg plays a crucial role in the development of the hindgut and the anal pads. The lack of Trg function appears to exert a gap gene-like phenotype that specifi cally affects these two structures.
Genes homologous to Trg exist in shoit-geim insects
Because the antibody directed against the T-domain of the mouse T protein cross-reacts with the product of the Drosophila Tig we expected that it would also bind to T-related proteins in other insects. In both Locusta migiatoiia and Tiibolium castaneum we detected appar ently nuclear gene products with the antibody (Fig. 10) . Because these are expressed exclusively in the posterior tip of the embryo (the putative primordium of the proc todeum) and in the developing hindgut, as is the case in Drosophila, we assume that they are homologous to Diosophila Trg.
A detailed comparison of the expression patterns in the different insects might allow us to begin to assess the evolution of Tig gene function. Both Locusta and Tiibolium axe short-germ insects that undergo a very differ ent segmentation process compared with the long-germ insect Diosophila (for review, see Anderson 1972a,b) . The segmental primordia of long-germ insects are deter- mined essentially simultaneously over the entire length of the body at the same time as the terminal primordia during the early blastoderm stage. In contrast, both Locusta and Tribolium first form a head germ and then gradually add thoracic and abdominal segment primor dia. It is not known when the terminal primordia are determined.
Locusta migratoria In Locusta no Trg expression is de tectable at 15% of development when the head germ has formed and only the head lobes and tail-like growth zone are visible (data not shown). Trg is first expressed at -20% of development, at the very posterior tip of the embryo, when a morphological border between the tho racic and the abdominal segment primordia is visible (Fig. lOA) . At this time, the first abdominal segment be comes distinguishable in the closely related species Schistocerca americana (Patel et al. 1989b ). This expres sion of Trg suggests that the determination of the poste rior terminus occurs before most of the posterior abdom inal segment primordia have been laid down. Slightly later, at -23% of development, when there is still no morphological sign of segmentation in the abdomen, but molecular methods allow the identification of three ab dominal segment primordia (Patel et al. 1989b ), Trg ex pression has increased in level and is found in the entire posterior tip of the embryo within the ectoderm (Fig.  10B,C) . Trg continues to be expressed in these terminal cells (Fig. lOD) , which at -29% of development begin to invaginate perpendicular to the body axis to form the proctodeum (Fig. 10E,F) . Within the cells of the proctodeal invagination the expression of Trg gradually de clines toward the inner, more dorsally located part (Fig.  lOF) . Later, when the proctodeum has extended and is positioned parallel to the body axis, Trg expression is still present in the developing hindgut (data not shown). However, the inner end of the proctodeal tube does not express the Tig gene any longer. This part might consti tute the primordium of the posterior midgut of the Locusta embryo. We did not follow the expression of Trg later than 40% development.
Tribolium The expression of Trg in Tribolium embryos essentially follows the same temporal and spatial pattern as in Locusta. Trg is expressed at the posterior tip of the developing germ band before all of the abdominal seg ment primordia have been laid down (Fig. lOG) . How ever, the earliest expression that we were able to detect occurs later, relative to the segmentation process, than observed in Locusta. The fifth abdominal segment is al ready morphologically distinguishable (Fig. lOG) . The cells of the posterior tip later form the proctodeal invag ination (60 hr of development; Fig. 10H,I ) after the entire germ band has formed and all segmental primordia are morphologically distinguishable. As in locusta, the pro tein expression declines toward the inner part of the proctodeum (Fig. 101) , which might constitute the pri mordium of the posterior midgut. After retraction of the germ band, Trg is found in the hindgut and the anus and is not expressed in any other part of the body including the tissue developing from the closed end of the procto deum (Fig. lOK) .
Discussion

A family of genes defined by the T-domain
Tig exhibits a very high similarity (88%) over a stretch of 200 amino acids (the T-domain) to the T genes of chordates (Fig. 2) . This domain has been shown to be required and sufficient for specific DNA binding and defines a novel family of DNA-binding proteins that possibly function as transcription factors (Kispert and Herrmann 1993) . There is one other Diosophila gene containing a T-domain, omb (Pflugfelder et al. 1992) , which is, how ever, less closely related to the T genes of chordates than Tig. omb is distinguished by a few features, like two insertions within the T-domain, from all of the other genes of the family. In addition, the antibody directed against the 123 amino-terminal amino acids of the mouse T protein does not cross-react with Omb (data not shown; for embryonic omb expression, see Poeck et al. 1993) , whereas this antibody does recognize the products of vertebrate T genes and of the insect Trg (Kispert and Herrmann, 1993; Figs. 4 and 10; data not shown) . Omb probably constitutes a member of a particular class of T-domain proteins. We predict that in vertebrates omblike genes also exist, just as Trg exist in insects, and we speculate that these two are not the only classes of the T-domain gene family.
The regulation of Trg expression
The Trg expression in mutant embryos suggests that dur ing late blastoderm stage, Trg is activated by tU and re pressed by hkb (Fig. 6) . Because tU expression appears to wild-type Trg extend beyond the anterior border of Trg expression (data not shown; of. Pignoni et al. 1990 ) it is reasonable to assume that a particular threshold of tU activity is required for Trg expression. In the anterior part of the embryo, either tU activity does not surpass this threshold (because the modulating effect of bed on the tU expression) or bed itself prevents the activation of Trg by tU (data not shown). We assume that both tU and hkb are direct transcriptional regulators of Tig at the blastoderm stage. Other genes active in the posterior terminal region like fkh, which itself depends on hkb or tU, are not required for the early expression of Tig (Fig. 6D) . Most likely^ Tig and fkh act in parallel, since fkh expression is unchanged in Trg-deficient embryos at the blastoderm stage or early gastrulation (data not shown).
When the proctodeum has fully invaginated, the gene srp takes over the role of hkh in repressing Tig in the primordium of the posterior midgut (Renter 1994) . A fur ther gene might exist that is expressed in the mesoder mal germ layer and tums off Tig in those cells that invaginate at the posterior tip of the ventral furrow. How ever, Tig could also be positively regulated, and there might be a particular gene that is required for the main tenance of Tig expression in hindgut and anal pads. There is no indication that fkh regulates late Tig expres sion, since in fkh mutant embryos Tig expression decays concomitantly with the cellular integrity of the procto deum. It is conceivable that Tig itself is required for the maintenance of its own expression and possesses autoregulatory properties. A similar function has been sug gested for the maintenance of T gene expression in the notochord (Herrmann 1991) .
The function of Trg in Drosophila
The loss of Trg function causes a gap gene-like phenotype in the Diosophila embryo. Based on morphological criteria and the expression pattern of tissue-specific markers, we conclude that the anal pads and the major part of the hindgut are missing in Trg-deficient embryos (Fig. 8) . This phenotype is specifically associated with the deletion of the region (68D6;68E3-4) and can be res cued by a Tig transgene.
Among the genes whose expression is affected in Trgdeficient embryos is cad, which may normally mediate some of the functions of Tig, as cad is itself required for the proper differentiation of the anal pads (Macdonald and Struhl 1986) . The Malpighian tubules and their base, which like the hindgut are derived from the proctodeum, develop essentially normal in Trg-deficient embryos. Thus, only those structures that normally express Tig are affected.
Tig is not only expressed early in the primordia of hindgut and anal pads, but also later in the definitive organs, a pattern that is unusual and reminiscent of homeotic gene expression. It is conceivable that Trg acts as a selector gene and positionally specifies these body parts like a homeotic gene, although its lack-of-function phenotype is that of a gap gene. Such behavior is ob served for homeotic genes acting in the Diosophila head, like Defoimed [Dfd] , the homeotic character of which is revealed only upon ectopic expression. In contrast, the lack of Dfd function causes a gap in the body plan and not a homeotic transformation (Kuziora and McGinnis 1988) .
The phenotypic analysis of sip mutant embryos led to the conclusion that a selector gene must exist that is responsible for hindgut-specific morphogenesis and dif ferentiation (Renter 1994) . sip embryos develop an addi tional hindgut in place of the posterior midgut. This phe notype can be regarded as a homeotic transformation when posterior midgut and hindgut are considered as serial homologs. The transformation in sip mutant em bryos is accompanied by an expansion of Tig expression into the posterior midgut primordium at stage 8. This is consistent with the possibility that Trg might be the hindgut selector gene. However, it remains to be deter mined whether or not Tig alone has the capacity to di rect hindgut development when expressed ectopically in the midgut primordia.
Trg function in shoit-geim insects
The proteins detected in Locusta and Tiibolium by the anti-TNi_i23 antibody are most likely encoded by genes homologous to Tig in Diosophila. First, the cross-reac tivity of the antibody suggests a structural similarity to the vertebrate T genes as we have shown for Trg in Diosophila. Second, both in Locusta and Tiibolium, Tig is expressed exclusively, as in Diosophila, in the poste- rior terminal region, w^here the primordium of the proctodeum is presumably located, in the proctodeum itself, and finally in the proctodeal derivatives hindgut and anus. These findings suggest that Trg has a homologous and phylogenetically well-conserved function in the specification of the proctodeum and its derivatives in insects. The proctodeum in "low^er" (grasshopper) and in "higher" (beetles and flies) insects appears to be determined by similar molecular mechanisms. Several aspects of Tig expression in Locusta and Tiibolium are of further interest. Trg is not detectable during blastoderm stage. This might be attributable to a lov^er affinity of the antibody for these proteins than for Trg in Diosophila. It is, however, more likely that the determination of the posterior terminus in the two short-germ insects occurs comparatively later than in Drosophila and that this is reflected in the later onset of Trg expression. In short-germ insects the thoracic and abdominal segments are determined and formed sequentially in an anterior to posterior order. Interestingly, in both Locusta and Thbolium, Trg expression appears at the posterior tip of the germ band well before the posterior abdominal segments have formed. This suggests that the proctodeal primordium is determined significantly earlier than the primordia of these abdominal segments.
7s Trg a homolog of the T genesl
Within the T-domain, there is a very high degree of similarity between Drosophila Tig and the T genes of vertebrates. This implies a close phylogenetic relationship between the genes. Is there also a phylogenetic relationship between the developmental processes that these genes regulate? In higher chordates (vertebrates) T is expressed both in the notochord and in the area from which mesendoderm is generated, that is, in the primitive streak (mouse, chick), germ ring (fish), or marginal zone (frog) and later, during axis elongation, in the tail bud. These two domains of expression reflect the twofold function of the T gene during vertebrate development. T is required both for the differentiation of the notochord and for the formation of mesendoderm during posterior axis elongation (for review, see Beddington et al. 1992) . The phylogenetically older aspect of T function most likely reflects its role in notochord development, as the T homolog of a lower chordate (ascidian) is expressed exclusively in the cells of the presumptive and definitive notochord (Yasuo and Satoh 1994) . The expression of Trg in the proctodeum of insects is certainly not related to the expression of the T genes in the mesendoderm generation zone of vertebrates. The part of the insect embryo that might be considered to be a structure similar to the primitive streak, or the germ ring, is the ventral furrow or gastral groove, and Trg is not expressed there (with the exception of the posterior tip of the furrow). Thus, the question remains whether there is a phylogenetic relationship between the function of T genes in the vertebrate notochord and the insect proctodeum. Did these structures originate from a common precursor? It has been hypothesized that the notochord evolved from the stomochord of hemichordates, a structure that evaginates from the anterior part of the gut (for further discussion, see Slewing 1969) . Phylogenetically, the notochord would then be derived from the gut. Connecting this notion to the T-gene function leads to the speculation that T specified a particular part of the gut early in evolution. In the branch leading to the arthropods T then became concerned with the specification of the proctodeum, whereas in parallel in the branch leading to the chordates, T became concerned with the specification of a gut derivative, first the stomochord and then the notochord.
The current assignment of notochord and insect hindgut to different germ layers, mesoderm and ectoderm, respectively, is somewhat arbitrary in both cases and is not an argument against their possible common origin. Often the notochord and definitive endoderm are formed from the same progenitor, the head process in mouse, for example (Poelmann 1981) , or certain blastomeres in ascidian (Ortolani 1957 ) that might imply a closer relationship of notochord to endoderm than to mesoderm. Also the assignment of the insect proctodeum to ectoderm and not to endoderm is not based on its (interior) position within the embryo after the gastrulation movements, but on the epithelial properties that the late organ shares with the epidermis (for further discussion, see Skaer 1993) . At this point, of course, we can only raise the question of whether there is a phylogenetic relationship between notochord of chordates and proctodeum of arthropods. In this context it would be useful to search for Brachyury class T-domain genes in species that phylogenetically link chordates and arthropods and to investigate the expression pattern and function of such genes during development.
Materials and methods
Isolation of Trg cDNAs and sequence analysis
A 687-bp fragment [Ncol-EcoRl] encompassing the first 229 codons of the open reading frame of the mouse T gene was isolated from the plasmid pBP4.T( 1-229) (Kispert and Herrmann 1993) , labeled with [^^PldCTP by random priming and used as a hybridization probe to screen a plasmid cDNA library prepared from 8-to 12-hr Drosophila embryos (Brown and Kafatos 1988) . A strongly hybridizing clone (Trgl, 2.6-kb Hindlll£coRI insert) was isolated under reduced stringency conditions, that is, at 50°C in Church buffer (Church and Gilbert 1984) . By screening the same filters with a 1.6-kb Sad fragment of Trgl under high stringency conditions (68°C in Church buffer), 10 additional Trg clones were isolated of which 3 had inserts identical to Trgl, whereas the others (Trg2) contained a 1.8-kb HindIII-£coRI insert comprising the 3' part of the Trgl insert.
Both strands of Trgl and the ends of Trg2 were sequenced using the dideoxy method of Sanger (Sanger et al. 1977 ) with a T7 sequencing kit (Pharmacia, Sweden). Sequence analysis was performed on a Macintosh personal computer using the "MacMolly Tetra" program (Softgene, Germany).
In situ hybridization to polytene chromosomes
The 3-kb £coRI insert from the Trgl cDNA clone was labeled with biotinylated dUTP (Bio-16-dUTP, Boehringer Mannheim, Germany) by random priming. Salivary gland chromosome spreads were prepared from Oregon-R third-instar larvae using standard techniques (Langer-Safer et al. 1982) . The probe was hybridized to the acetylated and alkali-denatured chromosomes in 0.6 M NaCl, 50 mM NaP04 (pH 7.0), 5 mM MgClz, and 5% dextran sulfate in Denhardt's solution. The chromosome preparations were washed, and the probe detected as described by Engels et al. (1986) using the streptavidin/biotinylated alkaline phosphatase DNA detection system (BRL, USA). The chromosomes were viewed without counterstaining with a Zeiss Photomicroscope III equipped with phase-contrast optics.
Germ-hne transformation and genetic analysis
The bacteriophage PI clone 2-73 containing genomic DNA from the chromosomal region 68E2,3 was kindly provided by Daniel Hard (Smoller et al. 1991) . Using the Trgl cDNA as a probe, we identified a 20-kb Kpnl fragment of the genomic in sert that contains exclusively the 8-kb transcription unit of Tig together with 9 kb of 5'-flanking and 3 kb of 3'-flanking DNA. This fragment was subcloned into XpnI-digested pCaSpeR4 (Pirrotta 1988) . The recombinant clone and the helper plasmid PTT25.7WC (Karess and Rubin 1984) were injected into w"^* em bryos as described by Spradling (1986) . Two independently transformed fly lines were obtained from the Fl generation, one of which (P-Trg20A) carried the transgene on the second chro mosome, the other (P-Tr20B) on the third chromosome.
To test the capacity of the transgene to rescue the hindgut phenotype of the Trg-deficient embryos we crossed the trans gene on the second chromosome into the background of Df(3L)vin^ and backcrossed with DffSLjvin" females. We exam ined the embryonic progeny that did not express Cyclin A and, therefore, were transheterozygous for the deficiencies Df(3L)vin'^ and DfiSLjvin". About 50% of these embryos de velop normal hindgut and anal pads. Therefore, we conclude that a single copy of the Tig transgene rescues the hindgut and anal pad phenotype of Trg-deficient embryos. Similar results were obtained with the Tig transgene on the third chromosome, which was recombined onto a Df(3L)vin^ chromosome and tested in tians to DfiSLjvin".
Fly stocks
bcd^^ is a small deletion of the bed locus (Berleth et al. 1988) . hkb^ is commonly used as hkb deficiency (Weigel et al. 1990) . tip is a small deficiency of the tU locus, used here as tU null allele (Strecker et al. 1988) . fkh^"^^ is a small deficiency of the fkh locus (Weigel et al. 1989b) . A27 is an enhancer trap insertion on the second chromosome (O'Kane and Gehring 1987) . Df(3L}vin^, Df(3L)vin^, Df(3L)vin^, Df(3L)vin^, Df(3L)vin^, Df(3L)vin^, and Df(3L) vin^^ are deficiencies in the vin regions (Akam et al. 1978; Crosby and Meyerowitz 1986) . The smallest deficiency, Df(3L)vin^, in addition to affecting the development of anal pads and hindgut, also often gave a variable range of other severe developmental aberrations even in tians to the other vin deficiencies. Therefore, we did not use it for further investigation of the phenotype of Trg-deficient embryos. 1(3)183 and neoll4 are alleles of l(3)isgll or l(3)68Ea (Hoogwerf et al. 1988) , both synonyms for the cycA gene (Lehner and OTarrell 1989) . 1(3)183 and neoll4 do not affect the expression of Trg. Unfortunately, other mutant stocks described in the genetic analysis of the region 68C8;69B5 (Hoogwerf et al. 1988 ) have been lost from the stock collections.
Antibodies and piobes
The following antibodies were used in the study: anti-Caudal (Mlodzik and Gehring 1987) ; anti-Cyclin A (Lehner and O'Farrell 1989) ; anti-digoxygenin (Boehringer Mannheim, Germany); anti-Engrailed (4D9; Patel et al. 1989a ); anti-Even-skipped (3C10, Patel et al. 1992 ); anti-p-galactosidase (Sigma, St. Louis); and anti-TNi_i23 (Kispert and Herrmann 1993) , the antibody bound specifically to Trg protein in Diosophila embryos [antiTNi_i23 did not show any cross-reaction to the Omb protein in the Diosophila embryo that contains a distinct T-domain and is expressed in the optic lobe primordium and in cells of the de veloping ventral and peripheral nervous system (Poeck et al. 1993)1; anti-Wingless (Van Den Heuvel et al. 1989) ; biotinylated anti-rabbit-, anti-rat-, and anti-mouse-IgG (Jackson, Bar Harbor).
The hkb cDNA used for the in situ detection of hkb mRNA was a gift from G. Bronner (Broimer and Jackie 1991) and was isolated as a HindIII-£coRI fragment from a pNB40 cDNA clone. The tU cDNA was kindly provided by Frank Sprenger (MPI, Tubingen, Germany) and isolated as an £coRI fragment from a Bluescript cDNA clone. For the detection of fkh RNA we used the 4-kb Xhol fragment containing most of the fkh tran scription unit (Weigel et al. 1989a) , and for Tig RNA the 3-kb £coRI fragment of the Trgl cDNA.
Immunohistochemical detection of piotein and RNA in Drosophila embryos
Diosophila embryos were dechorionated with commercial bleach (5% NaOCl), fixed with 4% formaldehyde in PBS/hep tane and devitellinized by vortexing in heptane/methanol and subsequently in methanol. The immunostaining followed stan dard protocols of washes and blocking agents, and the bound antibodies were detected histochemically with the Vectastain ABC kit (Vector Labs, USA) using diaminobenzidine as chromogen. Before the embryos were incubated with the anti-TNi_ 123 antibody, they were treated after the devitellinization with 0.3% H2O2 in methanol for 20 min at room temperature and stored (for a few days to several months) in methanol at -20°C. These two steps helped to decrease the background of the im munostaining with anti-TNi_i23-Probes were labeled with digoxygenin-dUTP (Boehringer Mannheim, Germany) and used for in situ hybridization as de scribed by Tautz and Pfeifle (1989) .
For photomicrography the embryos were mounted individu ally either in water-free glycerol (in situ hybridizations) or in Epon Durcupan (Fluka, Switzerland) and were photographed us ing either Kodak Ektachrome 160T or Agfapan APX 100 film on a Zeiss Axiophot equipped with Zeiss 20 x (n.a. 0.50) or 40x (n.a. 0.75) Plan-Neofluar objectives and differential interference contrast optics. The staging of the embryos followed the de scriptions of Foe and Alberts (1983) for nuclear cycles and of Campos-Ortega and Hartenstein (1985) for stages after cellularization.
Handling of Locusta and Tribolium embryos
Locusta embryos were obtained from a population of L. migiatoiia maintained by the Department of Zoology at the Univer sity Tubingen and were kindly provided by Klaus Hartfelder. They were fixed and processed for immunostaining essentially as described by Tear et al. (1990) for Schistoceica, with the following differences. The eggs were dissected in PBS, treated with 0.3% H2O2 in methanol for 20 min at room temperature, postfixed, and stored in methanol at -20°C. The staining reac tion was performed using 0.2 mg/ml of diaminobenzidine and 0.003% H2O2 in PBS plus 0.1% Triton X-100. The staging of the locust embryos followed the description by Bentley et al. (1979) for the closely related grasshopper Schistoceica nitens.
Tribolium embryos were obtained from a population of T. castaneum maintained by the Department of Zoology at the Ludwig-Maximilian University Miinchen and were kindly pro vided by Reinhard Schroder and Diethard Tautz. They were fixed and processed for immunostaining like Diosophila em bryos. The staging of the Tribolium embryos follows the de scription of Stanley (1965) , as summarized by Sokoloff (1972) for the closely related species T. confusum, and refers to develop ment at 25°C.
After immunostaining, both Locusta and Tribolium embryos were dissected from surrounding yolk and membranes in waterfree glycerol and mounted individually in glycerol for microphotography.
